Abstract This paper focuses on the measurement of transient torques produced by the field harmonics in three phase squirrel cage motors and on the assessment of the operating conditions under which these torques might become significant. The paper presents first a model of the induction machine with any stator and rotor phase number and configuration, fed by arbitrary voltage waveforms and taking into account the space harmonics. Then, very much attention is paid to a reliable model validation against actual transient torques measurements. In this sense, the actual and great difficulties of measuring pulsating electromagnetic torques of several hundreds of Hertz are brought into light, the possible measurement techniques are critically reviewed and the solution chosen is discussed. Once the model accuracy has been experimentally confirmed, it is used to carry out a systematic plan of more than 250 simulations under clearly distinct operating conditions on five different motors. The analysis of these simulations yields a main practical conclusion: field harmonics may have (depending on the motor structure) a significant impact on electromagnetic torque, but only during transients characterized by high instantaneous
Introduction
Studies on transient behavior of induction motors with space harmonics were already carried out in the past century using different ways and almost always trying to resort to some kind of transformations (mainly the symmetrical component transformation) [1] [2] [3] [4] [5] .
Initially, the main reason to include field harmonics in the motor analysis was the fact that, for specific stator and rotor slots combinations, it was realized that harmonic torques could seriously impair, or even prevent, the motor start up [6] . Later on, apart from other drawbacks (like noise coming from radial force waves, increase of the additional losses, etc. see [7, 8] ) engineers became aware that harmonic fields effects during transients result in fast oscillations of the electromagnetic torque that are superposed to the fundamental dynamic torque. This last aspect of the harmonic fields (their impact on transient torques) is the main topic addressed in this paper.
The pulsating torques are a source of noise and vibrations and can be particularly dangerous if their frequency is close to the mechanical natural frequency. Due to this and to all of the other reasons just mentioned, no wonder that harmonic torques have been considered, almost universally, to be detrimental and harmful, which is true for three phase induction motors. However, it is known today that in induction motors with a number of stator phases greater than three, it is possible to make use of certain field harmonics (the greater the phase number, the higher the number of harmonics) in order to increase the total useful motor torque [9] . It is important to keep in mind this potentially beneficial effect of some space harmonics in converter-fed multiphase machines.
Due to this last fact, the model in this paper has been developed to analyze machines with any stator and rotor phase number, since from an operational and conceptual viewpoint, the structure of the equations is the same regardless of the stator having three or more phases (Notice that actually the squirrel cage winding already constitutes a polyphase winding). The deduction process of the equations by means of space phasors is presented in chapter II.
An experimental validation of a machine model whose main aim is the simulation of transient torques due to space harmonics is a very serious challenge. That is why very much attention is thereafter paid to an accurate and reliable experimental model validation. Such a validation requires a direct comparison between harmonic torque simulations and measurements. In this sense, the actual and great difficulties of measuring pulsating electromagnetic torques of several hundreds of Hertz are brought into light, the possible measurements techniques are critically reviewed and the option chosen is deeply discussed and justified. This is done in chapter III. It must be emphasized that this topic has been almost completely ignored in the technical literature.
On the other hand, most of the papers on transient analysis of three phase induction machines with space harmonics share a rather similar structure. First they introduce a more or less simplified system of differential equations, usually by means of some kind of transformation. Thereafter they compute that model in a few specific situations (often with a considerable limitation in the number of harmonics considered). It seems clear that hardly any general conclusion on the impact of field harmonics on the motor torque during transients can be obtained this way. By contrast, the work in this paper has been built on the analysis of more than 250 simulations under clearly distinct operating conditions of five different motors. This analysis is carried out in chapter IV. It yields a first and general validity conclusion with practical relevance which reads: for motor operation modes with low rotor current instantaneous frequencies (usually associated to low slip operation modes), the field harmonics effect on the transient electromagnetic torque of three phase squirrel cage motors is always negligible. In other words, as a general rule, space harmonics can become important as to the transient electric torque only at high slips (like during direct on-line start-up, unplugging, injection braking, rather long dropouts, etc). This conclusion, which was initially observed, without exception, in the simulations, is thereafter also theoretically justified in a qualitative manner in chapter V. To this end, the space phasor concept turns out to be a very useful tool.
Model development
The simplified hypotheses are as follows:
• Ideal magnetic circuit.
• Constant air-gap of negligible width.
• Symmetrical polyphase windings in stator and rotor with constant parameters.
• The leakage flux linkage of a phase is proportional to the phase current.
Any phase of an electrical machine produces a current sheet space wave that can be split into space harmonics. If the structure of phase A and its current, i A (t) are known, the magnitude and position of the space harmonic of relative order h (absolute order ν = h · p) of its current sheet is fully characterized by the space phasor (see Eq. A.3 in Appendix):
The complex constant ξ hp,A is the complex winding factor of the phase. Its module includes both the distribution and the pitch factors as well as the slot factor (effect of considering a linear change of MMF along the slot opening instead of an abrupt change at the middle of the slot). Complex variable a h·p,A is known as the harmonic current sheet space phasor of phase A. Z A is the phase conductor number and D is the air gap diameter. The current sheet space phasor of a polyphase winding is simply the sum of the space phasors of all of its phases. Let it be a machine with p pair of poles with a symmetric polyphase winding in stator or rotor, with m wndg symmetrical phases. Let's choose as abscise axis the symmetry axis of first phase, and let's define as ξ h,wndg the winding factor of relative order h of this first phase. Due to winding symmetry, the phase in the generic position "k" reproduces the configuration of phase 1 but with a 2π · (k − 1)/( p · m wndg ) angular displacement in the machine, and therefore its winding factor in the complex phasorial domain is: Thus, the space harmonic of relative order h of the total current sheet produced by an m-phase symmetric winding fed by arbitrary currents i 1 (t), i 2 (t), . . ., i m (t), will be characterized by its space phasor, the expression of which, deduced immediately from (1) and (2) 
